Oxidation-Reduction Potential and Radiolysis of Glutathione by Esfandi, Ayoub
OXIDATION-REDUCTION POTENTIAL AND 




Bachelor of Science 
Panhandle State College 
Goodwell, Oklahoma 
1970 
Submitted to the Faculty of the Graduate College 
of the Oklahoma State University 
in partial fulfillment of the requirements 
for the Degree of 






OXIDATION-REDUCTION POTENTIAL AND 
RADIOLYSIS OF GLUl'ATIUONE 
Thes is Approved: 
esis Adviser 
~ -:222 ,2~ 
Dean of the Graduate College 
8 901"} ''"(, u ., tH) , , 
OKLAHOMA , .. 
STATE UNWEf81] 
'IA~ARV 
NOV 13 1972 
ACKNOWLEDGEMENTS 
I am pleased to express my gratitude to Professor-George Gorin for 
calling the following interesting problems'to my attention and for his 
helpful comments, suggestion and supervision throughout these investiga-
tions~ 
I would like to express my gratitude to my wife, Rashel, for her 
encouragement and patience. 
I acknowledge with thanks financial assistance from the Chemistry 
Department of the Oklahoma State University. 
Thanks are also due to Dr. George Guthrie for his help and guidance 
during my first year of graduate work. 
TABLEOF CONTENTS 
Chapter 
I. INTRODUCTION •• I • • • . . . . . ' . 
II. LITERATURE SURVEY • . . . . 
III. 
Glutathione., • , • , • • , • • • • • , • • 
Applicable Chemical Principles and Conventions •• , 
Oxidation .Reduction Potential of Glutathione • 
Radiation Chemistry. , , , , 
Radiolysis of· Glutathione,, • • • 
. . . . . . 










IV, RADIOLYSIS ,OF GLUTATHIONE IN OXYGEN-CONTAINING SOLUTIONS. 26 
v. ADDITIONAL DETAILS ON CHAPTERS III AND IV, 42 








LIST OF TABLES 
Redox Potentials of Glutathione at pH 7 ••••••• 
Equilibrium Constants of Glutathione With. NADP+. , 
G(..,.SH) for Radiolysis of Glutathione in Presence of Oxygen 
+ Preliminary Experiments on GSH and NADP Reaction,. , 
Details on Equilibrium Constant of GSH With NADP+. 
VI, Assay of GSSG Samples, .. . . . . . . . . . 














LIST OF FIGURES 
Reaction of GSH With NADP+. 
Radiolysis of GSH 
Radiolysis of GSH Solutions ••••• , • , •• 
Radiolytic Conversion of GSH to GSSG ••• , , , 
··-' 








This thesis consists of two parts. One deals with the equilibrium 
constant for reaction of glutathione with NADP+; 
NADP+ + 2GSH .t NADPH + GSSG + H+ (1) 
From the equilibrium constant for reaction (1) and the potential of the 
+ NADP /NADPH system the potential for the glutathione system can be ob-
tained. The second part of the thesis deals with radiolysis of glutathi-
one in aqueous neutral solutions in presence and absence of oxygen. 
The principal parts of this thesis are Chapter III and Chapter IV, 
in which the more important findings have been described and discussed 
in a form which would be suitable for publication in a journal. 
Chapter V reports additional experiment details which were not in-
eluded in parts III and IV for reasons of brevity. 
The literature review is reported in Chapter II. 
CHAPTER II 
SELECTED LITERATURE REVIEW 
This chapter is divided into several sections: (A) glutathione in 
general; (B) applicable chemical principles; conventions for oxidation 
reduction potentials and chemical equilibrium; (C) the_oxidation-reduc-
tion potentials of the glutathione system; (D) radiation chemistry and 
chemical dosimetry; (E) radiolysis of glutathione. 
Glutathione 
Glutathione,is a tripeptide, Y-glutamylcysteinylglycine. 
Y-Glutamyl Cysteinyl Glycine 
This structure was suggested in 1929 by Pirie an4 Pinhey. <2> It was 
confirmed in 1935 by a synthesis carried out by Harington and Mead. (3) 
The chemistry of glutathione and its metabolic significance have 
been intensively investigated. These topics have been covered in sever-
al review articles. (5 ,6 , 7 ,B, 9) Some special aspects of the subject with 
selected citations are discussed below, but this survey is not compre-
he~sive. Comprehensive reviews are however presented of the literature 





Glutathione has been found in many bacteria, yeasts :and plants, It 
has been found in all the animal.tissues that have been investigated, 
Its distribution is exclusively intracellular, (Sl) In biological mater-
ials the reduced form predominates and in animal tissues.it constitutes 
the bulk of the non-protein thiol fraction, (5l) In human erythrocytes 
glutathione is present in concentrations of 160 to 300 µmoles/100 ml of 
packed cells, (l0, 5l) The concentration of GSSG are Illuch lower: 0 to 15 
I (10) µmoles 100 ml of packed cells · , and 4.5 µmoles/100 ml of packed 
·11 (11) ce. s. 
It is generally believed .. that glutathionEt helps to keep sulfhydryl · 
compounds in a reduced state. (l2,l3) Failure to maintain -SH groups in· 
the membrane of red blood cell results in hemolysis in vitro and in 
vivo. (l4) In red blood celh the glutathione system is considered to. 
form part of ·the mechanism serving to prevent oxidative damage. This 
protective role has been greatly clarified by the discovery of a hered-
itary defect, which results in an abnormal level of glutathione and 
glutathione reductase in.the erythrocytes. This defect le~ds to a· 
chronic nonspherocytic hemolytic .. anemia. (5l) 
Glutathione Reductase 
The enzyme that catalyzes the reduction of GSSG to GSH by NADPH, 
glutathione reductase; has been widely investigated, It was ide.ntified · 
almost·simultanepusly.by three teams of investigators. In 1951, Mapson 
and Goddard isolated the enzyme from pea seeds(l6), while Conn and 
Vennesland discovered the enzyme in wheat germ, (l7) In 1952, Rall and 
Lehninger characterized the enzyme in yeast, pig liver and various 
tissues of the rat. (lS) The stoichiometry of the reaction catalyzed by 
the enzyme was shown to be 
H+ + GSSG + NADPH ~ 2GSH + NADP+ 
in all three papers. The reverse reaction, oxidation of GSH by NADP+ 
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could not be demonstrated because the equilibrium constant is about 
10-3 . Fluorometric analysis made it possible for the first time to 
demonstrate the formation of NADPH from NADP+ and GSH. (lS) NADH can re-
place NADPH, but with a nucleotide concentration of 100 µmoles the re-
action rate is about 100 times slower. (l9) 
Review of Applicable Chemical Principles and Conventions 
Reactions in which electrons are transferred from one atom, ion or 
molecule to another are called oxidation-reduction or redox reactions, 
Oxidation is the loss of one or more.electrons, reduction the opposite 
process. 
The convention used in this thesis with respect to the sign of oxi-
dation-reduction potentials is that recommended by the International 
Union of Pure and Applied Chemistry(ZO), which is also used by Clark(l) 
and most commonly accepted among biochemists. 
The electrode potential for a half reaction is a measure of the 
chemical force tending to drive that reaction toward equilibrium. Con-
sequently the electrode potential is zero when a system is at equilib-
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rium and becomes larger a.s the system departs further from this state, 
Thus the potential of a piece of metallic zinc in pure water is larger 
relative to a piece of the same metal immersed in a one formal solution 
of zinc sulfate, In general, then, the concentration of the reactants 
and products of a half reaction will have a,marked effect on electrode 
potentials, and the quantitative aspects of this effect must be consider-
ed. 
Consider the generalized, reversible reaction 
aA + bB + .. , .. + + cC + dD + .... , 
It can be shown theoretically as well as experimentally that the paten-




(C) c (D) d • • • • • 
(A) a (B) b •••• • 
(1) 
where E0 = potential when the logarithmic term is zero, i.e., the activ-
ity quotient is unity, One instance would be when the activities of all 
of the reactants and products are unity; thus, the standard electrode 
potential may be defined as the potential of a half-cell reaction versus, 
the hydrogen electrode when the reactants and products are at unit 
activity, 
A standard electrode potential is a relative quantity in the sense 
that it is really a cell potential in which one of the electrodes is a 
carefully specified reference electrode that is, the standard hydrogen 
electrode whose potential is given a value of zero volts at 25°c. A 
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standard electrode potential: is temperature.dependent; so the. temperature· 
at which it is determined must be specified, 
R = the gas constant • 8.314 volt co'ulombs/°K/mol 
T = the absolute temperature 
n = numberof electrons participating in the reaction as defined 
by the balanced chemical equation for the half-cell reaction 
F = the faraday = 96,493 coulombs 
ln = the natural logarithm = 2.303 log10 
Substituting numerical values for the various·constants into Equation 
(1) and converting to log10 , Equation (1) becomes at 25°c 
E = Eo _ 0.059 
n 
log 
(C) c (D) d I I. I I 
(A) a (B) b ••••• · 
(2) 
The symbols in parenthesis represent the activities of reacting species. 
The term following the logarithm can be.replaced by the equilibrium con-
stant for the reaction. For very dilute solutions for all practical 
purposes 
(A) = [A] 
where square brackets represent concentration 
K = 
(C) c (D) d I •••• 
(A)a(B)b ••••• 
[c}c[nt· · · · · 
[A]a[B] b ••• , • 
If the expression for K is substituted in Equation (2) 
E • Eo - 0.059 log K 
n 
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using this equation oxidation reduction of a system can be calculated if 
K, equilibrium constant for the reaction is known~ 
Oxidation Reduction Potential of Glutathione 
Many attempts have been made to determine the value of.the redox 
potential of glutathione, But there has been an unusµal amount of dis-
agreement and controversy concerning the results, and there is still some 
uncertainty about the merits of the respective investigations, 
Soon after the discovery of glutathione a number of attempts were 
made to measure the oxidation reduction potential of glutathione by 
potentiometric methods. It was observed that the potential with noble 
metal electrodes was independent of the concentration of the oxidized 
form of glutathione (GSSG)(Zl, 2z,z3), i.e., the data fitted an empirical 
equation of the following form: 
E Eo - RT H - RT ln [GSH] F p nF 
instead of the expected form 




This indicates that the reaction taking place at the electrodes is not 
the conversion of GSH into GSSG. 
A later attempt was made by Ghosh and Ganguli, who used a galvanic 
cell with a mercury pool electrode. <24 ) Immediately prior to making 
8 
potential measurement~~ the mercury electrode was subjected to reduction. 
The authors believed that this removed a layer of oxide, after which 
equilibrium could be esta.blished. The result wa~ -0.35 V at pH 7 .o. 
Gosh and Ganguli also measured the potential for cysteine-cystine system 
and found.a potential of -0.33 volts. Freedman and Corwin<25> have ques-
tioned the validity of the cysteine result. 
In 1955 Kolthoff,~ al. by means of polarography obtained some re-
(26) . 
sults with glutathione and cysteine. The calculated a potential of 
-0.32 V for glutathione. Some other attempts were made .to determine the 
potential of glutathione by polarography, but most·results have been 
considered invalid. (l) 
Fruton and Clark<27 ) measured the oxidation-reduction potential by 
equilibration with some oxidation-reduction dyes of known potential.· 
They reported a value of -0.23 Vat pH 7.0. 
Poteµtiometric titration was used by Ryklan and Schmidt. <2S) They 
report a value of +0.04 Vat pH 7.0, and -0.14 V for cysteine-cystine. 
However, their results for cysteine could not be reproduced by Freedman 
and Corwin. <25 ) 
Rall and Lehninger<29 ) were unable to obtain significant reversal 
of the.reaction 
GSSG + NADPH + H+ + 2GSH + NADP+ 
with glutathione.reductase. They concluded that the potential of 
glµtathione pH 7.0 must be more.positive than -0.13 V. The failure of 
Rall and Lehnipger to obtain detectable reaction may have been caused by 
insuffictent amount of enzyme. The substrates inhibit strongly at the 
concentrations used. 
Mapson and'Isherwood(JO) reported a value of -0,16 V for the redox 
potential., which corresponds to a conditional equilibrium constant· of . 
10- 5 f f 1 h . + 0 or reaction o g utat ione with NADP at pH• 7,0 and 25 C, 
9 
GSH + NADP+ + GSSG + NADP+ + Ht (1) 
An independent study by Scott'an4 Duncan(3l) led them to estimate a value 
of 1 x 10-2 for the.equilibrium constant, and a -0.26 V for the potential 
of the glutathione system, 
The last reported investigation on the subject is by Rost.and 
Rapoport<32 > in 1964. They report a value of -0,24 V for the potential 
of the glutathione system at 40°c under anaerobic conditions. The oxi~ 
+ dation reduction potential of the NADH/NAD system was taken as -0.33 V 
0 -3 at 40 C. They calculated a value of 1 x 10 for the equilibrium con-
stant for the reaction of.glutathione with NAD+. 
Radiation Chemistry 
The literature which deals with radiation is very vast .so no at-
tempts will be made to give complete coverage to the subject, Only two 
spectal aspects of.the subject will be considered, chemical dosimetry, 
as it pertains to experiments performed in this thesis, and·a compre-
hensive review of the radiation chemistry of glutathione~ 
Chemical Dosimetry 
The ferrous sulfate dosimeter was pioneered by Mill~r(36) and has 
been very extensively used. It is one of the most reliable and conven-
ient methods of chemical dosimetry. It is based on.the fact that the 
radiolysis products of water oxidize ferrous ions to ferric, The reac-
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tion is usually carried out in aerated .solution at pH below 1.5, 
Fricke<37 ) chose 0,8 N sulfuric acid as the solvent, Weiss, Allen 
and Schwartz(3S) have recommended a dosimeter solution containing 10-3 M 
-3 ferrous ammonium sulfate, 10 M sodium chloride and 0,8 N sulfuric 
acid. Chloride is added to the dosimeter solution to inhibit the oxi-
dation of ferrous ions by organic,impurities.<39 ) The water should be 
very pure (triply distilled), In aerated acid solution Fe++ is oxidized 
by OH', by H02, and by H2o2 , so that Fe-H+ is obtained instead of any of 
the other products of .water radiolysis, 
OH'+ Fe+++ Fe-H+ + OH-




Ho ' F ++ F -H+ H0-2 + e + e + 2 
Ho;+ H+ + H2o2 
++ -H+ H2o2 + Fe + Fe +HO'+ OH-
The most common method of measuring the ferric ion formed is by 
spectrophotometry at 304 nm, the wavelength at which ferric ions.show 
maximum absorption,· The mean absorbed dose Din the volume occupied by 
the dosimeter solution is derived as follows, (34 , 35 ) For any chemical 
system, given that: 
G (products)= molecules of product formed/100 eV of energy ab-
sorbed. 
P = number of molecules of product formed 
100 eV -10 = 1.602 x 10 ergs 
The energy E, in ergs, absorbed in the dosimeter solution is: 
E = 1,602 x 10-lO (ergs/100 eV) P/G (molecules of prod-
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uct/100 eV) 
1 rad = energy absorption of 100 ergs/g, 
The dose D, in rads is given by 
D = E/W = 1.602 x l0-12 P/GVd 
where 
W = weight of the dosimeter solution, in g 
V = volume of dosimeter solution in ml 
d density of dosimeter solution in g/ml 
In the ferrous sulfate dosimeter, the concentration of ferric ions 
formed by irradiation is given by: 
CFe(III)(moles/1) = 
3 
((A _ A )/Eb) x 1000 cm 
i j liter 
where Ai and A. are the absorbances of the irradiated and unirradiated 
J' 
2 (blank) dosimeter, respectively, Eis the molar absorbancy in cm /mole 
and b the thickness of sample in cm. P, the ions of Fe3+ formed, is 
given by: 
and 




1.602 x 10-12 (g rads/100 eV) x (6.023 x 1023) x ((A.-A.)V/Eb) 
l. J 
molecules.x 1 G(molecules/100 eV)V{ml)d(g/ml)). 
6 2 For the dosimeter solution; E = 2.193 x 10 (cm /mole), b = 1 cm, 
G = 15,5, 
D(rads) = 
and d = 1.024 (g/ml); 
4 
2,8543 x 10 (Ai - Aj). 
12 
Radiolysis of Glutathione 
Hammet<52) studied the effects.of a- and Y-rays from radium and 
qualitatively demonstrated the destruction of glutathione in aqueous 
solutions, 
Woodward(4o) studied the effects of ultraviolet light, S- and y-rays 
frotn radium, and x-ra,ys on aqueous solutions of glutathione, She con~· 
firmed Hammett's work, but no measurable destruction was observed with 
x-rays, 
Kinsey(4l) studied the effects of ionizing radiation on glutathione. 
He reduced all GSSG to GSH before analyzing, Therefore, only the de-
struction of the molecule was measured. The destruction of the molecule 
at pH around 7 occurred with an ionic·yield of 0.6. 
Barron and Dickman(4z, 43 ) showed that enzymes containing essential 
-SH groups were readily inactivated by ionizing radiations •. Furthermore, 
they showed that the inactivation was reversible, an indication that the 
-SH group had been oxidized to S-S. 
Barron(44 ) studied the oxidation of glutathione by radiation. He 
found out that for solutions 2 x 10-4 M the extent of oxidation was 
directly proportional to the radiation dose. He also studied the effect of 
pH. Between pH 4 and 5, no difference was noted; at these pH values, 
the degree of dissociation of the -SH group is practically nil. From pH 
5 to 8 the ionic yield increased very sharply with pH value. In the ab-
sence of oxygen, the oxidation of thiol by ionizing radiations was only 
33 per cent of that obtained in the presence of dissolved oxygen. The 
ionic yield at pH around 7 in presence of oxygen was about 3. There was 
no reduction of oxidized glutathione on irradiation. 
(45 ,46) 
Dale and Davis reported for the first time that hydrogen 
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sulfide is split off, under.certain conditions, from cyste:t.ne and glu"'!" 
tathione when they are irradiated by X-rays, They reported that the 
production of.H2s is pH dependent, with, a maxim\lm and a minimum.at'pH 4 
and S, respectively, but they give no explanation for the curve. 
The most recent study on irradiation of glutathione was conducted 
by Lal!!!.!.• <47 >. Under anaerobic conditions they identified hydrogen, 
hydrogen sulfide; oxidized glutathione, and Y-glutamylalanylglycine (GH), 
as products; the yields were 1. 2, 2. 0, 3. 0, and 2. 3 mol·ecules/100 eV, 
respectively. The yield for disappearance of glu:tathione·was about 8 
molecules/100 eV. The pH was 5.3. 
The focal point of chemical change is the -SH group. Since all the 
yields of Y-radiolysis of glutathione .are within the experimental errors 
the same as those of analogous products from cysteine(4s,49 ) the mechan-
isms of radiolysis of the two compounds must be similar. The following 
reactions are involved:. 
GSH + H' ---,>•GS' + H2 
GSH + H' --~ G' + H2S 
GSH + OH" ~GS' + H20 
GSH + G'-~)GS' + GH 
GSH + e. -.-~ G' + SH-
aq 
SH .... + H+--~ H S 
2 
H+ + "'H' e.--7~ 
aq 










Since GH and GSSG are the only amino-containing products then 2G(GSSG) + 
G(GH) must be equal to G(•GSH), This was observed by Lal !.l.!l• They 
further say that the yields of GH and H2S at pH• 5,3 are equal to the 
value of G(e ), This comes from the fact reactions 5 and 4 are the aq 
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sources of H2s and GH in neutral solutions •. They also report·a decrease 
in G(H2S) as pH is lowered, and this trend accompanies an increase in 
G(H2). Consequently, they conclude that there is a competition between 
reactions 5 and 7. The reported value for G(GH) is in all cases about 
15% larger than corresponding values of G(H2S); the authors infer from 
this observation that a reaction destroys some of the hydrogen sulfide, 
CHAPTER III 
(As stated in the Introduction, this chapter is 
written in a form suitable for publication) 
OXIDATION REDUCTION POTENTIAL OF GLUTATHIONE* 
Summary 
The equilibrium constant for the reaction of glutathione with NADP+ 
has been determined to be 5 x 10-3 at pH= 0 7.0 and 25 C. From this 
value the oxidation-reduction potential of the glutathione system has 
been estimated to be -0.25 volts. These values are discussed and com-
pared with literature values. 
* This paper has been presented in SW & SE Conference of American 
Chemical Society in December 1970. 
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INTRODUCTION 
Glutathione (GSH) is a tripeptide formed from glutamic acid, cys-
teine and glycine, Like other mercaptans; it is easily oxidized td the· 
disulfied (GSSG), Its occurrence in living cells is widespread, (l3) It 
has been found in bacteria, yeasts and plants as well as in all animal 
tissues in which it has been sought. It is generally believed that re-
duced glutathione helps tomaintain important sulfhydryl compounds, such 
as enzymes, at the appropriate oxidation-reduction level. In human eryth-
rocytes, its conce.ntration is about 7 5 mg/ 100 ml of packed cells, (l3) 
The reducing action of glutathione likely helps to prevent oxidative 
damage to the cells. Failure to maintain -SH groups in the cell mem-
brane results in hemolysis in vitro and in v~vo. (l3) 
Because of all the important biological functions of glutathione 
the redox potential of the glutathione system is of great biological in-
terest, and many attempts.have been made to measure it. However, as one 
can see from the values reported in Table I quite discrepant values have 
been reported. There is controversy even concerning the sign, i.e., 
whether glutathione is a better reducing agent than hydrogen, or ,a bet-
ter oxidizing agent. 
The values that have been obtained by determination of the equilib-
rium constant·for the reaction between glutathione and NADP+ and/or NAD+ 
are in better agreement but there is a difference of 0.13 volts between 
the largest and the smallest value, and this corresponds to a factor of 
104 in the values of the equilibrium constants. 
Also pertinent is the comparison between the glut-athione system and 
the cysteine/cystine system. 
Three independent studies(9 ,lG,l7) indicate the potentials differ 
Investigators 
Fruton and Clark (1934) 
Ghosh and Ganguli (1935) 
Ryklan and Schmidt (1944) 
Kolthoff and Stricks (1955) 
TABLE I 
REDOX ·· POTENTIALS OF GLUTATHIONE AT pH 7 
Method 
Equilibrium with Dyes 
Cell Potential 
Potentiometric Titration 







POTENTIALS ESTIMATED FROM EQUILIBRIUM CONSTANTS WITH NAD+ AND/OR NADP+ 
Investigators 
Rall and Lehninger (1952) 
Mapson and Isherwood (1962) 
Scott and Duncan (1963) 





1.0 x 10-2 



















by 1esf5' to.an 0.02 V. Alth.oughtb.e values of the cysteine/cystine po-
tentials has also been the subject of considerable controversy, ·the pre-
ponderance of evidence favors a value of (0.33 - 0.39) V, Especially 
significance is the calculations based on the heat capacity and the heat· 
of combustion measurements of Huffman and Ellis(lO,ll) and heat of com-
bustion measurements of Sunner<12 >, These calorimetric data, which are 
certainly sound in principle, lead to a value of -0.39 V for the 
cysteine-cystine potentials. 
Because of the uncertainty which attaches to the reported results, 
we decided to make additional measurements on the equilibrium: 
2GSH + NADP+ t GSSG + NADPH + H+ (1) 
The attainment of this equilibrium is facilitated by addition of the 
enzyme glutathione reductase (E.C. 1·6·4·2). From the equilibrium .con-
. +; stant for this reaction, and the potential for the NADP NADPH system, 
the redox potential for the glutathione system can be calculated utiliz-
ing the Nernst equation, As it is apparent from its stoichiometry, 
reaction (1) is pH dependent, 
EXPERIMENTAL 
Materials 
Distilled water which was further purified by passage through an 
ion-exchange resin, distillation from an acid permanganate solution and 
redistillation .in an all glass distillation apparatus. This water was 
used to prepare all solutions. + NADP and NADPH, GSH, GSSG and glutathi-
one reductase (suspended in (NH4) 2so4) were purchased from Sigma Chemi-
19 
ca1·company, disodium ethylenedinitrilotetraacetate (EDTA). from Eastman. 
Chemicals, Phosphate buffer (O,lM) of pH 7 .S was mixed from 1.810 g of . 
NaH2Po4 •H20, 23.30 g of Na2HP04•7H20 and 0.1860 g of EDTA per liter; 
the phosphate buffer (0,1 M) of pH 7.0 was prepared from 5,520 g of 
NaH2Fo4 ~H2o, 8.548 g of Na2HPo4 and 0.1860 g of EDTA per liter. Tris 
buffer (0.1 M) of different .pH was prepared from 24.2·2 g of tris(hydroxy-
methyl)aminometane and 0.3720 g of EDTA per liter. Fifty ml of tliis 
solution was mixed with appropriate amounts of 0.2 M Hcl per 100 ml. 
Method 
The absorbances were ·measured with a Beckman Model DU Speetrophoto-
meter with conventional 1-cm quartz cells, The enzyme stoc~ solution 
(4 mg/ml) was diluted 10-fold with 0.01 M phosphate buffer of pH 7.0. 
The experiment is conducted in the following manner •. Exac;ly.3.50 
+ ml of .a reaction mixture containing NADP and GSH is measured with a 
pipet into a dry spectrophotometric c~ll. Measurements are macle at 340 
nm against buffer solution as a blank. First, some .readings are taken 
at about l. minute interval, Then 150 µ1 of dilute enzyme solution is 
added, the mixture is sti.rred vigoro1,1sly ari.d a reading is taken as soon 
as possible; additional measurements are then made at appropriate inter-
vals thereafter. (Fig. 1) (Curve A)~ The concentration of NADPH at 
equilibrium is measured by taking the difference between the initial and 
equilibrium absorbances. The equilibrium absorbance.is estima~ed by ex-
trapolating to zero time (Curve lA). 
To assay for GSSG at equilibrium an aliquot of the reaction mixture 
is added to exactly 3.00 ml of NADPH solut.ion .(about ·o.15 mg/ml) and 150 
µl of dilute enzyme solut~on (Curve lB). 
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To shift the reaction back about 200 µ1 of GSSG solution (about 0,1 
mg/ml) is added to the remaining reaction mixture (Curve lA), 
RESULTS AND DISCUSSION 
6 2 NADPH has a high extinction coefficients of 6.2 x .10 cm /mole at 
340 nm. (lS) The absorbance of NADP+ is negligible in comparison with 
NADPH and so are the absorbances of GSH and GSSG at this wavelength. 
From the initial concentration of NADP+ and GSH and the direct measure-
ments of NADPH and GSSG concentrations at equilibrium, the equilibrium 
constant for the reaction of glutathione with NADP+ is measured in a 
buffer medium at constant pH. As will be seen, the equilibrium con-
stant for reaction (1) as written is quite small, At pH 7.0 and approxi-
-3 + mately 10 M concentration of NADP and GSH only small amounts of NADPH 
are formed, In order to produce easily measurable amounts of all rea-
gents, the GSH concentration was made 5 to 30 times larger than that of 
NADP+. At high pH the equilibrium is more favored and smaller ratios of 
[GSH]/[NADP+] were employed. 
Figure 1 represents a typical experiment, From the Curve lA (open 
circles) it can be seen that reaction is extremely slow before introduc-
tion of the glutathione reductase, Then there is a rapid increase in 
absorbance and a nearly constant absorbance value is reached in about 
three minutes; it may be.concluded that equilibrium is reached. The 
slow decrease in absorbance which follows may be ascribed to disappear-
ance of the NADPH formed by autoxidation and hydrolysis. (l4) 
From this first experiment we obtain the concentration of NADPH at 
equilibrium, From Equation (1), the concentration of GSSG formed in 
the reaction is the same, But all samples of GSH contained between 0,5 
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Plots of Absorbance Versus Time for the Reaction .of Glu-
tathione With NADP+~ The left and the lower axes cor-
respond to the curve A (open circles). Enzyme was ad-
ded in io minutes time. The right and upper axes cor-




to 1.5% of GSSG as impurity. Consequently, the.GSSG concentration cal-
culated-from stoichiometry is lower than that actually present at 
equilibrium and, since the amount of GSS~ formed is small, neglecting 
the amounts initially present causes a large error in the. value of 
equilibrium constant •. The concentration of GSSG at equilibrium was 
therefore.determined directly by adding an aliquot portion of the solu-
tion at equilibrium to an excess of NADPH, As one can see from the plot 
(Curve lB) there is a rapid decrease in absorbance, which then becomes. 
constant, At this point because we have excess of NADPH and the equi~ 
librium constant for the reaction is in order of 200, the amount of GSSG· 
left must be less than 2% of its initial value. From this experiment 
the concentration of GSSG originally present is calculated. From these 
two measurements, the ,initial concentration of NADP+ and GSH, and the 
pH of the solution at equilibrium, the equilibrium constant for reaction 
1 is calculated. 
If the equilibrium constant calculated in.this manner is the true 
value we.should be able to obtain the same value when the equilibrium is 
approached from the opposite side. To accomplish this, a measured quan-
tity of GSSG is added to the remainder of the reaction mixture that was 
already at equilibrium. As one can see from the plot (Curve lA) there 
is a rapid decrease in absorbance followed by slow disappearance of 
NADPH indicating equilibrium. From this experiment another value for 
equilibrium constant is calculated. 
Results are tabulated in Table II. Values. in column 2 are the pH 
of·the reaction mediuiµ; for pH of 7.0 to 7.5 a phosphate buffer was used, 
and for solutions with pH> 7.5 to 8.5 tris buffer. In column 3 we have 
tabulated the ratio of .[GSH]/[NADP+] used in the experiments; this has 
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TABLE II 
EQUILIBRIUM CONSTANTS OF GLUTATHIONE WITH NADP+ 
1 2 3 4 5 6 






1 7.00 32.0 5.4 5.4 5.0 
2 7.00 15.4 4.9 4.9 4.3 
3 7.00 16,0 4.9 4.9 5.2 
4 7.00 18.0 6.4 6.4 5.9 
5 7.82 11.0 37.3 5.7 4.5 
6 8.00 14.3 49.0 4.9 (2.6) 
7 8.47 4.6 138 4.7 4.3 
f AV.K7 = 
-3 (5.3 ± .5 x 10 ) Eh7 = -0.25 Volts 
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been varied by a factor of 10, Values of 'K£., the concentration equilib-
rium constant for reaction 1 divided by antilog of .(-pH), are tabulated 
in column.4, No attempt has been made to estimate .. the activity, K;, 
values tabulated in column 5 of Table II are the equilibrium constant; 
values at ·pH 7 divided by antilog (-pH). Kr values _tabulated in cc,lumn 
7 
6 of ·Table II are the concentr.ation constant values at 'pH • 7 iO -calcu:-
lated for experiments in which.the equilibrium was approached from the 
direction opposite tq which reaction 1 is written.divided by antilog of 
(.:.p~). 
The average value for equilibrium constant for the forward ·reactio.n 
. -3 0 
at.pH"' 7,0 is (5.3 :t 0.5) x 10 at 25 C. Since in .the reverse experi-: 
ments additional . ex.per:imental errors· will have been introduced, we do 
not.cons:ider.these values to be as reliabl~ as those calculated in the 
"forward" experiment, 
f From~ a valu~ of -0.25 volts c~n be calculated for the oxidation 
reduction potential of the glutathione system taking potential :of NADP+/ 
NADPH system to be -0.32 volts .• (l) This value compares well_ with Scott· 
and Duncan value of -0,26 volts, and Rost and Rapoport value of -0,23 
volts, and Fruton and Glark value of -0.23 volts,, 
We feel this·is th,e true value _for potential of glutathione system 
since, we have· obtained consistent equilibrium co.nstants varying all the 
possible parameters. 
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CHAP.TER IV 
(As was mentioned in the Introduction, this 
chapter ·is written in a form suitable for pub-
lication.) 
RADIOLYSIS OF GLUTATHIONE IN 
OXYGEN-CONTAINING SOLUTIONS 
Summary 
The radiolysis of glutathione in buffer solutions of pH 7 in the 
presence of oxygen has been investigated. The yields for disappearance 
of -SH, G(-SH), in 3 x 10-3 M solutions is about.· 20 molecules/100 eV, 
-4 G(-SH) decreases with decreasing GSH concentration, to. 2 x 10 · M. The 
major product of radiolysis is oxidized glutathione. A mechanism for 
the radiolysis is proposed. 
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INTRODUCTION 
The sulfhydryl and disulfide groups in.8.lllino acids, peptides, pro-
teins and enzymes are·known to have important biochemical and physiolog-
ical roles.Cl)· The effect .of·ion:l,zing radiations upon.these groups is 
of primary concern in radiation biochemistry. The subject.has been re-
viewed by Barron(2) and by Adams. <20> 
The radiolysis of .thiols in dilute aqueous solutions containing 
(7 12 18 19 27 28) oxygen ~s been studied by various work.era ' ' ' ' ' , who have· 
shown that short chain reactions occur, yielding the corresponding di-
sulfides as the major product. (l9) The role of -SH compounds in decreas-
ing .radiation injury has been reviewed extensively, (3- 5 , 21> These com-
pounds are presumed to function by various mechanisms; e.g., free radi-
cal scavenging, ability to repair by supplying hydrogen(21 •23), and for-
mation of mixed disulfides.<21 , 24, 25 ) 
The tripeptide glutathione (GSH) 
0 0 
+ II I -H N-CH-CH -.CH -C-N-CH-C-N-CH -CO 
3I 2 2 11 I 2 2 
co2- H CH2 H 
I 
SH. 
occurs abundantly in.living organisms. (S,il) It has been found in bac-
teria, yeasts, plants, and in all animal tissues investigated; it is an 
important constituent·of red blood cells. <22> Glutathione has been.ex-
tensively employed as a radio-.protective agent. <21> However, little has 
been reported on radiolysis of this compound. 
In 1932-35, Hannnet~9), Woodward(lO), and Kinsey(ll) conducted the 
first investigations of the radiolysis.of glutathion~. They measured 
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disappearance of -SH but did not identify any products, 
Kinsey reduced all the glutathione that had been conv~rted to GSSG 
before analysis, He reported a yield of 0.6 molecules/100 eV for the 
disappearance of glutathione, 
Barron and his co-workers(7) investigated the radiolytic conversion 
of glutathione and of thiol-containing proteins to disulfide, Barron 
reported a G value of 3 molecules/100 eV for glutathione, 
Dale and Davis(l2) reported the formation of hydrogen sulfide from 
glutathion~ and cysteine, H2S is a minor product, but attracted atten~ 
tion because of its known texicity, .. 
The most recent study on,radiolysis of glutathione has been report-
ed by L.al · and his co-workers, (8) In deareated aqueous· solutions at pH 
less than 5.3, they reported a G value of about 8 molecules/100 eV for 
disappearance of glutathione. They identified the products of radioly-
sis to be GSSG, H2s, H2, and Y-glutamylalanylglycine .(GH); the yields 
were 3.0, 2.0, 1.2, and 2.3, respectively, in 10-3 M solutions. 
Materials 
Distilled water was further purified by passage through an ion-
exchange resin, redistilled .with permanganate, and distilled for a third 
time in an all-Pyrex system, All reagents were of A.c.s.~reagent grade 
except as otherwise specified. GSH, GSSG, NADPH, and a suspension of 
glutathione reductase. (EC 1.6.4.2) were purchased from Sigma Chemical 
Co. Phosphate buffer, 0.05 M, was prepared from 2.760 g of NaH2Po4 ·H2o 
and 4.259 g of Na2HP04 •diluted to a liter; the pH of this solution was 
7.0. Phosphate buffer, pH 7.5, was prepared from 0.5984 g of NaH2Po4 ·H20 
and 6.4870 g of Na2HP04 • Stock enzyme solution was prepared by addition 
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of 50 µl of the enzyme suspension to one ml of pH 7.0 phosphate buffer. 
5, 5-Dithiobis(2-nitrobenzoic acid)(3-carboxy-4-nitrophenyl disulfide, 
DTNB) reagent was purchased from Aldrich Chemical Co. The DTNB reagent 
was prepared by dissolving 90 mg of DTNB in 250 ml of pH 7,5 phosphate 
buffer. 
Procedure 
The gamma-ray source was an Atomic Energy of Canada Ltd. Gammacell-
200 irradiation unit; it contained a cobalt-60 core, which produced a 
dose rate of 2700 rads/min, A Beckman model DU spectrophotometer with 
conventional 1-cm quartz cells was used .for absorbance measurements. 
A solution of GSH was prepared, one of the samples was·kept as a 
blank, three to six other samples were irradiated from 0.5 to 60 minutes. 
As soon as possible after irradiation (usually within 10 minutes) the 
samples were analyzed for total -SH remaining by the DTNB method. (6) 
Exactly 15 ml portions of DTNB solution was transferred to flasks with 
a volumetric pipet. To one of these flasks containing the DTNB solution 
was added 200 µ1 of pH 7.0 phosphate buffer, to another flask 200 µ1 of 
unirradiated GSH solution, and to the remaining flasks 200 µ1 of irradi~ 
ated GSH solution. Readings were taken at 412 nm using the first solu-
tion as a blank. Measurements were begun as soon as possible and con-
tinued until the absorbance remained constant for a few minutes or 
started decreasing. Absorbance was plotted versus time and an extrapo-
lation was made to the absorbance.at zero time, The concentration of 
-SH remaining was calculated using, 1.36 x 107 cm2 mole-l 13600 for the 
molar absorbancy. The procedure for measurement of GSSG was the same as 
used in Chapter II. Exactly 3.00 ml of NADPH solution (0.1 mg/ml) was 
transferred to a dry spectrophotometer cell, then 250 µ1 of irradiated 
solution and 150 µ1 of dilute enzyme solution were added to the cell. 
The GSSG concentration was determined from the decrease in absorbance 
at 340 run. 
Results and Discussion 
The radiolysis of glutathione has been measured in solutions of 
-4 -3 2 x 10 to 3 x 10 M GSH, at the biologically important'pH of 7.0. 
The G value for total -SH disappearance in presence of oxygen is about 
-3 20 molecules/100 eV for 3 x 10 M solutions. Figure 2 is a typical 
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plot of G(-SH) versus dose. The G value is calculated by extrapolating 
the first three or two points. As can be seen from the Figure, course 
of radiolysis undergoes some change after about 25 to 30 Krads, and more 
will be said about this later. Most probably, a product accumulates then 
which protects the reduced glutathione. The major product of radiolysis 
is oxidized glutathione GSSG (see below). 
Table III is a table of results. The G(-SH) decreases with de-
-3 -4 creasing GSH concentration from 3 x 10 to 2 x 10 M; the values fall 
on a smooth curve. 
It was thought that the break in 10-3 M solutions might be due to 
protection by GSSG. But when we added 5 to 10% GSSG to the radiolysis 
solutions it did not cause any substantial decrease in G value, there-
fore the break in Figure 2 might be due to some other product, which 
acts as a chain stopper, possibly the trisulfide GSSSG. The trisulfide 
CYSSSCY was produced in significant quantities upon radiolysis of 
. (26) cyst1.ne, 
TABLE III 
G(-SH) FOR RADIOLYSIS OF GLUTATHIONE 
IN PRESENCE OF OXYGEN 















a irradiation solution was oxygenated dur~ 
ing the radiolysis, 
b 5 mole% of GSSG was added to radiolysis 
solution, 




Another explanation for the break on Figure 2 could be depletion of 
oxygen since the break in all cases occurs after about'lO minutes of 
' [02] 
irradiation, However, when we increased the ratio by decreasing 
[GSH] 
the· GSH cqncentratiori we found that the yields of -SH deer.eased (Table 
III), The decrease in G(-SH) at lower glutathione concentrations may be 
caused by a further reaction between GSOO' radicals and oxygen, forming 
products with sulfur in a higher oxidation state. When we bubbled oxy-
gen through the radiolysis solutions in order to keep the solution sat-
urated during the radiolysis we found the yields of G(-SH) to be in-
creased. The break in Figure 2 occurred in the usual place, We then 
concluded that oxygen depletion could not be the reason for the break 
on Figure 2. 
In the more dilute solutions of glutathione the G values are more 
scattered but definitely lower. We did not observe a break on the plot 
of G value versus dose for the more dilute solution, but perhaps in 
these conditions the break is already past when the first measurement is 
made. Figure 3 is a plot of [GSH] versus dose for a 4 x 10-4 M solution 
of GSH. 
Figure 4 is a plot of percent t[-SH] converted to GSSG versus dose. 
As it is apparent from the plot the total -SH consumed in the radiolysis 
process up to (about 30% of initial GSH) almost all .is converted to GSSG, 
i.e., it is the major product of radiolysis. The concentration of -SH 
after radiolysis is somewhat greater than the concentration of GSH be-
cause there is a small amount of hydrogen sulfide produced in the 
radiolysis process •. However, the amount of H2s produced in the presence 
of oxygen should be quite small. Although no quantitative measurements 
were made on the production of H2s, from qualitative evidence and re-
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sults obtained for cysteine previously by Packer(l9) there are reasons 
to believe that this is a valid assumption. This point will be cleared 
as we discuss the mechanism of the radiolysis, 
In the absence of oxygen G(-SH) has been reported to be around 8 
molecules/100 eV for pH values around 5 or less, (S) The following re-
actions account for the reported results, 
GSH + e ->G' aq 
G' 
GSH + H'/ 
~GS' 
G' + GSH~GH + GS' 








At this·pH the degree of dissociation of the -SH group is practical-
ly nil. At pH 7. 0 or more, -SH group will dissociate· more because the 
pK value is approached: 
(7) 
The presence of oxygen causes a marked increase in G(-SH) and con-
sequently in G(GSSG). If oxygen is present, there will be competition 
between oxygen, GS-, and thiyl radicals themselves for GS' radicals. 
GS'+ 0 + GSOO' 
2 




K (the rate constant) for reaction 10 is reported to be 1~88 x 1010 
1/mole sec~(l3) Braams(l4) has shown that at neutral pH's, the rate 
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(10) 
constant for the reaction between glutathione and solvated electrons is 
9 3.2 x 10 1/mole sec. This is an order·of'magp.itude larger than the 
corresponding rate constants for other small peptides which do not can..:. 
tain the sulfhydryl group. The rate constant for reaction.of oxygen 
with solvated electron (1) is almost six times greater than the rate 
constant for reaction of glutathione with solvated electron. It is 
evident that reactions 2 and 10 are competing reactions with reaction 10 
the predominating reaction on equimolar bases. 
GSH + 02 + GS' + H'O 2 (11) 
GS' + 02 + GSOO' (8) 
GSOO' + GSH + GSOOH + GS' (12) 
GSOOH + 3GSH + 2GSSG + 2H20 (13) 
A chain reaction like.the above should be responsible for the much higher 
value of G(-GSH) in the presence of oxygen. A possible chai~-stopping 
reaction would be the reaction between GSOO' radicals and oxygen~ forming 
products with sulfur in higher oxidation state. Other possible chain-
stopping reactions are reaction 6, and reaction .between thiyl radicals 
and GSSG to produce the trisulfide GSSSG. 
Since oxygen is a very efficient scavenger for hydrogen atoms.it can 
combine with hydrogen atoms to produce the perhydroxyl radicals H02. 
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H· + 0 + HO" 
2 2 (14} 
Reactions 3, 14 are competing reactions .so we expect, in the presence 
of oxygen, to get · a lower yield for hydrogen sulfide, and a I.higher yield 
for oxidized glutathione. 
(15) 
In the case of OH" radicals, available information (15-17) implies 
that the sulfhydryl group is much more reactive than other parts of 
glutathione. The reaction of OH 0 radicals should be the same as that in 
anaerobic conditions so the .OH' radicals contribution to the yield of 
G(-GSH) in the presence of oxygen is the same as anaerobic conditions. 
The oxydized glutathione electron adduct GSSG in anaerobic condi-
tions disappears by reactions -9 and 6. A detailed study of this 
transient for cysteine has been reported by Adams(lS), and it seems that 
the glutathione system should behave in a similar manner, In the pres-
ence of oxygen, the oxydized glutathione adduct GSSG- could react with 
oxygen to produce oxidized glutathione and o2 ; the chain could be 
propagated through reaction 11. 
+ -
+ GSSG + o2 (16) 
A slow reaction between reduced glutathione and hydrogen peroxide 
(reaction 5) occurs at this pH, but by determining the yields soon after 
irradiation._its effects were minimized. Small corrections will slightly 
increase the value of G(-GSH) from its true value, However, the contri-
bution .. of H2s to the total -SH contents will be more than enough to 
compensate for this correction and will slightly decrease the yield for 
39 
disappearance of reduced glutathione, Consequently, the G(-GSH) should 
be at least 21 molecules per 100 electron volts, and not·much greater 
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CHAPTER V 
ADDITIONAL DETAILS AND CHAPTERS III AND IV 
General Expressions for Kand E in Re-cl.ox Reactions 
Consider the following reaction: 
Oxidan~ 1 + Reductant 2 + Oxidant 2 + Reductant 1 
The equilibrium constant for reaction is 
K = (Oxidant 2)(Reductant 1) (Oxidant l)(Reductant 2) 
where quantities in parentheses represent ·the activities of the respec..-
tive reagents. The corresponding e,c;pression in terms of reagent concen-
trations is 
K' = 
[Oxidant 2][Reductartt 1] 
[Oxidant l][Reductant 2] 
K' measures what may be called the concentration equilibrium constant, 




where f represents the activity coefficients of the respective reagents, 
No attempt has been.made to estimate activity coefficient 1 conse-
quently in our experiments we have determined a concentration equilibri-
um constant, 
The potential for the redox couples are 
El = 
Eo + RT ln [Oxidant 1] 
1 nF [Red~~tan:t 1} 
= 
Eo + RT ln [Oxidant 2] 
2 nF [Reductant 2] 






= 2 at 25 C, 
= 0.02958 log K' 
Consequently, if E~ and K' are known, E~ can be calculated. 
CALCULATIONS FOR THE GLUTATHIONE SYSTEM 
For the reaction 
2GSH + NADP+-+ NADPH + GSSG + H+ (1) 
the concentration equilibrium expression is 
[NADPH][GSSG](H+) 
[GSH] 2 [NADP+] 
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The reaction takes place in a buffer solution. + Consequently, (H) is a 
constant and one may write 
CNADPH][GSSG] 
[GSH] 2 [NADP+] 





0.02958 log K; 
SGH samples usually contain GSSG as an impurity. If this is not 
measured or corrected, some error will be made in estimating the mass 
of GSH taken initially. In this work the correction is made in the 
. ' 
following way. Let f equal the.fraction of GSH that has been converted 
to GSSG. Because two.moles of GSH is required to make one mole of GSSG, 
we .can write: 
[GSH] = (1 - 2f)[GSH] n 
Where [GSH] is concentration of GSH at any given time and [GSH] is the 
n 
nominal concentration of GSH calculated from the weight taken, we can 
write the equilibrium expression in the following form 




We measure [NADPH] and [GSSG] at equilibrium, thus calculates f and~· 
+ The nominal concentrations of GSH and NADP are obtained from 
weight of the samples used in preparation of respective solutions. In 
+, 
calculating the concentration of NADP solutions an effective molecular 
weight specified by the manufacturer has been used which includes the 
weight of water. 
Illustrative Experiment 
This experiment consist of three parts (a), (b), (c): 
(a) Principal Experiment, 
(b) Assay Experiment, 
(c) Reverse Experiment, 
In the principal experiment the amount of NADPH formed upon addi-
tion of glutathione reductase to the reaction mixture is measured. In 
the assay experiment the equilibrium concentration of GSSG is measured 
by adding an aliquot portion of the reaction mixture from Part (a) to 
an excess of NADPH. From these two measurements and initial concentra-
tion of the other reagents the equilibrium concentration constant for 
the reaction of GSH with NADP+ is calculated. In Part (c) the equilib-
rium is shifted back by adding a measured quantity of GSSG to reaction 
mixture from Part (a). 
Part (a), Principal Experiment 
[GSH] = Nominal concentration of GSH solution 
n 
= 69,35 x 10-3 M 






-3 4.50 x 10 M 




V. = Initial volume of reaction mixture 
1 
V = Volume of enzyme solution added to reaction mixture 
e 
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[NADP+]d = Diluted concentration of NADP+ after addition of enzyme 
+ v. 
= [NADP] x (V ~ V) 
. n i e 
4 10-3 ( 3.50 ) 
= •50 x 3.50 + 0.150 
A. = 
1 
-3 4.32 x 10 M 
Initial absorbance of reaction mixture at 340 nm due 
+ to NADP 
3 ( 3 I sq ) Ad • O, 02 x 3,50 ·+ o.·150. 
• 0,290 diluted absorbance 
A • equilibrium absorbance eq 
!).A • A - Ad eq 
• 0.938 - 0.290 
= 0.648 
L!.[NADPH] M 0.648 -4 = - =· = 1.05 x 10 M 
€ 3 6.2 x 10 
[NADP+] = [NADP+]d - L!.[NADPH] eq 
[NADP+] -3 -4 -3 = 4.32 x 10 - 1.05 x 10 = 4.215 x 10 M eq 
[NADPH] -4 = 1.05 x 10 M eq 
Part (b), Assay Experiment 
We denote the symbols by superscript a. 
Aa Initial absorbance at 340 nm mostly due to NADPH. 
i 
1.112 
A: = Absorbance diluted by addition of enzyme and aliquot 
from equilibrium reaction mixture 
a 





= ~nitial volume of NADPH solution 
= 3.00 ml 
Va = Volume of the enzyme solution added to reaction mixture 
e 
= o .. 150 ml 
v:lq = Volume of aliquot added to the .reaction .mixture 
= 1 •112 x <3.00 + o~i~~ + o.5oo> 
= 0.914 




A ( a alg . ) 
eq V +Va+ Va 
alq e i 
where Aa is absorbance due to the aliquot from Part (a) which is·used in 
p 
the assay experiment. 
Aa = Total absorbance 
t of the initial mixture in the assay 
experiment 
= Aa + Aa d p 
Aa 0.900 x 0.500 = <o.5oo + 0.150 + 3.oo> p 
= 0.123 
Ai • Q.914 + 0.123 • · 1.037 
t:.Aa • Change in absorbance in the assay experiment 
!i[NADPHJ8 
• 1.037 + 0.330 • 0.707 
• 0.707 3 6,2 x 10 
• -4 1.14 x 10 M 
Va 
[GSH]a •. . eq 
[GSH] x ( . alg ) 
d Va + va·+ Va 
alq i e 
= Concentration of GSH in the assay experiment. 
= 66.50 x 10-3 ( . 0 •500 ·) 3.00 + 0,500 + 0~150. 
-3 = 9.11 x 10 M 
Because in the assay experiment the reaction .is quantitative and 
practically all the GSSG is converted to GSH (see the Di!;cussion in 
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Chapter III), the change ill concentration of NADPH is ·equal to the con-
centration of GSSG to a very good approximation. This is true because 
• 
from the stoichiometry of .the macti.on one mole of NADPH is necessary. to 






-4 1.14 x 10 0.0125 = = ., -3' 
9.11 x 10 
(1 - 2f) 2 = 0.9506 
If values obtained for f and all reagent concentrations are sub~ 
stituted in~ expression the value for the constant can be calculated 
~ = 
f x [NADPH] 
(1 - 2f) 2 [GSH][NADP+] 
0.0125 x (1.05 x 10-4) 
(0.9506)(66.50 x '10~3)(4.21 x 10-3) 
-3 4.9 x 10 
If this value is substituted in the expression for the redox potential 
of glutathione we have 
E = E - 0.02958 log K.f 
h7GSH h7NADP+/NADPH -ll 
' -3 = -0.32 -0.02958 log 4.9 x 10 
= -0.25 V 
Part (c), Reverse Experiment 
r To calculate~' the equilibrium constant obtained by approaching 
·the equilibrium point from the opposite direction the following experi-
ment is performed~ This experiment is denoted by superscript r 





vr • v + v - v · 
i i e alq 
= 3.50 + 0,150 - 0~500 
= 3.15ml·· 
r . 
VGSSG = Volume 9f GSSG solution added to equilibrium mixture 
to drive the equilibrium back 
= 0.200 ml 
rGSH]r = 66 50 10-3 ( 3 •15 ) 62 53 10-3 1., i . " x . x 3 .15 + 0. 200 = ' ·.. x 
+ Concentration of NADP in the reverse reaction 
= 
-3 3.15 
= 4.21 x 10 x <3,15·+ 0~200> = 3.97 x 10-3 
A~ = Initial absorbance·at 340 nm in the ·reverse experi-
ment ,before addition of.GSSG·solution 
vr 
= A x ( · . i ) 
eq r Vr 
Vi + GSSG 
= 0 I 851 'X ( ·. 3 • 15 · ) 
3.15 + 0.200 
= 0.800 
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A~ • Final absorbance in the reverse expeiimerit 
• 0.727 
= 0,800 - 0.727 
= 0.073 
Li[NADPH]r = Change in concentration of NADPH due to addition 




6.2 x 10 3 
-5 = 1.18 x 10 
[GSSG]~ = Concentration of GSSG solution added to reaction 
mixture in the reverse experiment 
-3 = 1,66 x 10 M 
[GSSG]~ = Diluted concen.tration of GSSG a:f;ter ;addition to the 
reaction mixture 
= [GSSG]~ x 
-3 . 0.200 
= 1.66 x 10 x <0.200 + 3.15) 
= 9.91 x .10-S M 
[GSSG]; • GSSG init;.ially present in the reaction mixture 
• f .x [GSH]r 
' -3 • 0,0125 x 62.53 x 10 
-4 • 7,81 x 10 
[GSSG]~ • Total GSSG present .in the reverse ·experiment at · 
equilibrium 
= [GSSG]r + [GSSG]~ - l!.[NADPR]r 
= 7.81 x 10-4 + 9.91 x 10-5 - 1.18 x 10-5 
= 8.7 x -10-4 M 
Ad =. Initial absorbance of reaction mixture in part a 
diluted 
A~ = Initial absorbance,diluted fu~ther·by addition of 
GSSG solution 
vr 
= A ( i ) d r r 
Vi + VGSSG 
0,290 ( 3.15 ) = 3.15 + 0.200 
= 0.273 
r· Ar - Ar A = eq f d 
= 0.727 - 0.273 
= 0.454 
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3 6.2 x 10 
-5 7.32 x 10 M 
[NADP+]r 
eq 
+ = Equilibrium concentration of NADP in the reverse 
experiment 
= 
= 3.97 x 10-3 + 1.18 x 10-5 = 3.98 x 10-3 M 
[GSH]r = [GSH] - 2[GSSG]r + 2~[NADPH] eq r 
= 60.99 x 10-J M 
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If all equilibrium concentrations for the reverse reaction are substi-
tuted in Equation 2, another value for the equilibrium constant is cal-






Kr = (7.32 x 10 ~~8.7 x 10 ~ 
7 . -3 2 -3 (60.99 x 10 ) (3.98 x 10 ) 
Kr = 4.3 7 
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PRELIMINARY EXPERIMENTS 
When,we began investigating the oxidation reduction potential of 
glutathione, 0.05 M buffer solutions was used. We overlooked the point 
that glutathione is an acid and that this will change the pH of reaction 
medium. The hydrogen ion concentration must of course be controlled be-
cause the reaction is pH dependent. 
2GSH + NADP+ + GSSG + NADPH + H+ 
Since pH is a logarithmic function, a small change in pH will make a 
large difference in value of~· 
(1) 
Since high pH favors the reaction as written, we used a buffer of 
pH= 8,7, The formation of NADPH at 340 nm was observed and an equilib-
rium constant was calculated. However, when we measured the pH of reac-
tion mixture at equilibrium the hydrogen ion concentration had been 
changed by significant amounts. 
About 50 experiments were performed this way, and some representa-
tive experiments are reported in the following table (Table IV). As can 
be seen the results are lower than the one reported in Chapter III. 
This is to be expected since the actual pH would have been lower than 
nominal value, -3 The median GSH concentration was 16.44 x 10 M it was 
determined that this amount of GSH would in this condition lower the pH 
to 7.7. These experiments were not used in calculat::t.ng the oxidation 
reduction potential of the glutathione system, however, if the correc-
tion is applied, they add confidence that the value measured in this 
work is correct. We have used different samples of enzyme, GSH and NADPH 
we have obtained consistent results. 
TABLE IV 
PRELIMINARY EXPERIMENTS ON GSH AND NADP+ REACTION 
...... - - ... - ....... . . . . . . 
Volume 
Parts. 
of Enz. Concentration, Volume of 
Exp. 
NADP+ 
Added mm mm GSSG Added [GSSG] 
~ x 10-3 No. GSH µl NADP+ GSH µl mm pH M Ma Mr 
24-A 5 4 80 .120 9.31 250 0.760 ---- 0.406 
24-P 5 5 80 0.511 10.47 250 0.760 0.094 -- 0.050 30 
26-A· 5 1 80 0.179 6.98 250 o. 760 ----- 0.219 I 
I 
26-P 5 3 80 0.804 15. 71 250 0.760 I 0.184 ---- 0.080 25 I 
I 
28-A 5 1 150 0.176 7.13 200 0.650 
I 0.251· I -----
I 
I 
28-P 8 .5 150 0.932 16.44 200 0.650 I 0.231 ---- 0.120 25 .. 
r,,. :: 
38-A 5 1 80 0.170 7.38 
• r-1 
0.225 --- --- 00 Id -----s:: 
II ..-1 
38-P 8 5 80 1.008 17.04 50 0.168 ::c: g 1).100 ---- ----- 25 1 P.¥", 
44-A 3 0.5 150 0.113 3.81 --- --- ----- 0.296 1 I 
I 
44...,p 1.5 1.5 150 0.905 13.24 50 0.163 I 0.150 28 I --- -----
I 
45-A 3.0 0.1425 3.51 0.163 
I 
0.2 150 50 I 0.850 --- -------1 •• I 
45-P 1.75 1. 75 150 0.958 28.10 50 0.163 
I 0.400 0.050 20 ----
47-A 3.0 0.2 150 0.1425 3.50 50 0.163 ----- 0.099 1 
47.;..p 1. 75 1. 75 150 0.985 29.07 50 0.307 0.52 ~-- 0.110 20 VI 
O'\ 
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DETAILS ON TABLE V 
A new set of·experiments were performed and the data corresponding 
to these experiments are tabuh.ted in Table V, We have· included in 
Table V the following information.. Column 1. is the experiment number, 
+ Columns 2 and 3 contain concentrations of GSH and NADP respectively, 
Column4 is molar percent of GSSG in GSH, Columns 5, 6, and 7 report, 
change in abso;bances in assay experiment, principal experiment and the 
reverse experiment. Column 8 is the pH of·the reaction, and columns 9, 
and 10 report the equilibrium constant for principal and reverse experi.;. 
ment respectively. 
GSSG ASSAY· 
The GSSG concentration was determined by adding 400 µ1 of GSSG 
solution to 3.00 ml of NADPH solution followed by addition of 50 µl of 
a solution of glutathione reductase. The following table.contains some 
of the experiments performed to determine purity of GSSG (Table VI). 
SAMPLE CALCULATION 
[GSSG] = Concentration of stock GSSG solution 
·s 
= 7.07 x 10-4 
[GSSG]. = Initial concentration of GSSG after dilution 
1 
== ( VGSSG ) [GSSG] 
VGSSG +Ve+ VNADPH s 
= 
0.400 -4 
co.4oo + o.o5o + 3.oo> 0 ·07 x 10 ) 
Exp. 









DETAILS ON EQUILIBRIUM CONSTANT OF GSH WITH NADP+ 
[NADP] x 103 f t:,.Aa !:,.A Mr pH 
3.94 1.33% 0.733 1.053 0.079 7.0 
4.5 1.25% 0.707 0.648 0.073 7.0 
4.76 1.42% 0.289 0.890 0.220 7.0 
4.56 1.6 % 1. 700 0.803 0.209 7.0 
1.40 1.6 % 0.089 0.246 0,056 7.82 
1.43 1.60% 0.270 0.447 0.072 8.00 
2,09 11.2 % 0.468 0.103 0.030 8.47 
,/ 




















ASSAY OF GSSG SAMPLES 
\ 
Volume Volume of Total volume 
5 
of GSSG the enzyme of solution 
Experiment GSSG·x 10 µl µl ml M % GSSG 
lA 8.20 400 50 , 3.45 0.432 87 
lB 8.08 400 100 3.50 0,425 87 
' 
2A 6.92 400 50 3.45 0.372 89 
3A 7.13 400 50 I 3.45 0.363 84 
'I 
i 
3B 8.66 500 50 3.55 0.459 85 
where 
-5 .. 8.20 x 10 
VGSSG = Volume of stock GSSG solution 
V • Volume of the enzyme solution e 
VNADPH = Volume of NADPH solution 
Ai • Initial absorbance of NADPH solution 
Ad • Diluted absorbance of reaction mixture 
= 
v 
( .NADPH .) (A ) 
VNADPH +Ve+ VGSSG i 
= <3.00 + o~b~~ + o.4oo><0•874 ) 
= 0.759 
A = Equilibrium absorbance of the reaction mixture eq 
= 0.327 
M = Change in absorbance 
= A - A 
d eq 
= 0.759 - 0.327 
0.432 




• . 6~· 4~2 . . (1000 cm3/l) 
6.2 x 10 cm /mole·x cm 
-5 = 6.97 x 10 ml 
[GSSG]1 • GSSG left at equilibrium 
• 2% of GSSG (at most) 
-6 • 1,4 x 10 
[GSSG]t • Total GSSG 
%GSSG 
%GSSG· 
= [GSSG] 1 + [GSSG]1 
= i.97 x 10-3 + 1.40 x 10-6 






= (7.11 ~ 10_5)(100) 
8.20 x 10 
= 87% 
The purity factor.for GSSG was not used in the calculation for oxi-
dation reduction potential of the glutathione system because we did not 
use the reverse equilibrium constant for our calculations, and even if 
we do apply the correc~ion in the calculations it does not change the 
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value very much. Because the amount of GSSG added to the equilibrium 
mixture is only a fraction of GSSG at equilibrium, 
DETERMINATION OF -SH TITER 
The -SH concentration of GSH was determined by adding 250 µl of GSH 
stock solution to 15.00 ml of DTNB(5,5-dithiobis-(2-nitrobenzoic acid) 
reagent solution.· Absorbance measurements were taken at 412 nm. The 
pH of the solution was 7,8. All the determinations were performed after 
about 30 minutes was past from the time the solutions were prepared, 
After about 2,5 to 3.0 hours, only about 90% of nominal GSH concentra-
tion was left. In the following table we have tabulated measurements 
corresponding to the -SH determinations. 
TABLE VII. 
-SH CONTENTS OF GSH SAMPLES 
Experiment [GSH] %SH 
1 6.19 x 10 
:...3 
94.5 
2 9.40 x 10 -4 98.5 
3 8.98 x 10-4 95.4 
4 4.62 x 10-3 94.5 
5 3.58 x 10-3 94.5 
SA* 3.58 x 10-3 97.1 
Average 95.5% 
* Solution of GSH was deareated. 
GSH used in these experiments were from 2 different samples; first 3 
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experiments from sample 1 and last 2 experiments from sample 2, however, 
the results are comparable. The average of 95.5% seems reasonable be-
cause samples of GSH contained between 1 to 1,5 mole% of GSSG. This is 
the same as 2 to 3% of GSH, Although we did not.make any direct measure.,. 
ments on GSSG content of our GSH samples, but if:one calculates indirect-
ly from.GSSG concentration in the equilibrium experiment one would come 
up with this conclusion, Since the.-SH concentration of both unirradi-
ated and irradiated GSH solutions were directly measured this would not 
effect the results of our calculations in any way. 
SAMPLE CALCULATION 
where 
[GSH] = Nominal concentration of GSH solution 
n 
= 8.98 x 10-4 





[GSH] ( GSH ) 
n VGSH + VDTNB 
8 98 10-4 ( LOO ) 
• x 1.00 + 15.00 
-5 5.61 x 10 
VGSH = Volume of GSH solution used in analysis 
VDTNB Volume of DTNB solution used in the analysis 
A = Absorbance at equilibrium at 412 nm eq 
e:: • Extinction coefficients 
[GSH] 




0,727 • 13600 
= 5.35 x 10-5 




-5 5.35 x 10 




C(-SH) = Concentration of -SH 
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3 
C(-SH)(moles/1) = (Ai - Aj)/e:: (cm2/mole)b(cm) x (lOO~ cm) (dilu-
tion factor) where Ai and Aj are the absorbances of the 
unirradiated (blank) and irradiated solutions respectively, 
£ is the molar absorbancy in cm2/mole and b the thickness 
of sample in cm. 
P, number of molecules of SH disappeared is given by 
I 23 P = C(-SH)(moles 1) x (6.02 x 10 )(molecules/mole)(V)(l) 
p = 23 (Ai - Aj)/Eb) x (6.02 x 10 )(V)(molecules) 
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G(-SH) • Number of -SH molecules disappeared/100 eV 
From Equation (1) of Chapter II we have 
G • -12 23 1,602 x 10 x 6,02 x 10 (Ai - Aj)/Eb)(V) 
1 
<nose x V x d) 
Dose = Dose rate x time 
Dose rate = 2700 rads/minute 
The dilution factor must be included in the G value expression because 
we dilute the GSH solution du:t;"ing the course of analysis. In this 
particular experiment we added 250 µ1 of GSH solution to 15.00 ml of 





7 2 -1 1.36 x 10 cm mole 
1 cm 
26.2 (Ai - A.) dilution factor 
time (min) 
26.2 (A. - A.) x 61 
l. J. 
time . (min) 
SAMPLE CALCULATION 
A. = Absorbance of unirradiated GSH solution 
l. 
= 0.736 
Af = Absorbance of GSH solution irradiated for 5 minutes 
• 0.686 
250 ·µl of GSH solution :Ls added to 15 ml of DTNB reagent, 
VGSH + VDTNB 
Dilution factor.• 
VGSH 
V GSH • Volume of GSH 1olu·tion used in &'l\&lyaii 
= 0.250 ml 
VDTNB· = Volume of. DTNB solution used in analysis 
Dilution factor 
= 15.0 ml 
= 0. 250 + ],.5,. 00 = 61 
0.250 
G = 26.2 (0.736 - 0.686) x 61 
5 
= 16.0 molecules/100 eV 
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